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Collection of Wheat Genotypes Reveals Novel Quantitative Trait Loci for Leaf Rust Resistance Suraj Sapkota, Yuanfeng Hao, Jerry Johnson, James Buck, Meriem Aoun, and Mohamed Mergoum* ABSTRACT Wheat (Triticum aestivum L.) production worldwide is being challenged by several biotic and abiotic factors. Leaf rust (LR), caused by Puccinia triticina, is a major biotic constraint of wheat production worldwide. Genetic resistance is the most efficient and cost-effective way to control LR. Seventynine LR resistance genes have been identified to date but the frequent emergence of new virulent P. triticina races every year demands a constant search for new sources of resistance with novel quantitative trait loci (QTL) or genes. The objectives of this study were to identify putative novel sources of effective resistance against the current prevalent races of P. triticina in the southeast United States and to map genomic loci associated with LR resistance via a genome-wide association study (GWAS) approach. Evaluation of 331 diverse wheat genotypes against four prevalent P. triticina races (MFGKG, MBTNB, MCTNB, and TCRKG) revealed that the majority of the genotypes were susceptible and only 22 genotypes (6.6%) were resistant to all four P. triticina races. The GWAS detected 11 QTL on nine chromosomes for LR resistance. Of these, six QTL were identified in the vicinity of known genes or QTL; therefore, more studies are warranted to determine their relationship. Five were identified on genomic regions where no LR resistance genes have been identified in wheat, representing potential novel loci for LR resistance. The highly resistant wheat genotypes and novel QTL reported in this study could be used in breeding programs to improve LR resistance. S. Sapkota, M. Mergoum, Inst. of Plant Breeding, Genetics, and Genomics, Univ. of Georgia, Griffin Campus, Griffin, GA 30223 are the major yield-limiting factors. Of these three rust diseases, LR, caused by the fungal pathogen P. triticina, is the most common and widely distributed worldwide (Bolton et al., 2008) . Puccinia triticina is an important wheat pathogen, mainly because it can cause significant yield reductions by decreasing the number of kernels per head and lowering the kernel weight (Bolton et al., 2008; Kolmer, 2005; Marasas et al., 2004) . Genetic resistance is the most efficient, cost-effective, and environmentally sound method to control losses caused by LR. Seventy-nine LR resistance genes (Lr genes) have been cataloged (Bolton et al., 2008; Sapkota et al., 2019) . However, because of the constant evolving and emergence of new virulent P. triticina races, identification of new resistance sources to LR is vital (Kolmer, 2005; Kertho et al., 2015) . Resistance to rusts disease of wheat including LR has been broadly classified into two categories: seedling resistance and adult plant resistance (APR) (Chen, 2005; Kolmer, 2013) . Seedling resistance, also known as all-stage resistance, confers resistance to only certain races (race-specific) with a high degree; however, a shift in the virulence of the pathogen population can easily overcome seedling resistance (Kolmer, 2005 (Kolmer, , 2013 . Lr72 (Herrera-Foessel et al., 2014) , Lr76 (Bansal et al., 2017) , and Lr79 (Qureshi et al., 2018) are some examples of genes for seedling resistance to LR reported recently. On the other hand, APR is normally detected after the seedling stages, confers resistance to multiple races (nonrace-specific), provides a moderate level of resistance, and has been found to be more durable (Kolmer, 1996 (Kolmer, , 2013 McIntosh et al., 1995) . However, there are some race-specific APR genes, such as Lr12, that do not fit into this category (Singh and Bowden, 2011) . Lr13 (Dyck et al., 1966) , Lr34 (Dyck, 1987) , Lr46 (Singh et al., 1998), and Lr68 (Herrera-Foessel et al., 2012) are some examples of APR genes for resistance to LR. Among the APR genes, Lr34 is probably the most effective gene, mainly because of its widespread distribution, durability, and ability to produce an enhanced effect when combined with other race-specific genes (Kolmer, 1996) .
Recent advances in biotechnology and improvements in molecular marker development technologies have greatly facilitated the dissection of complex traits and increase the precision of plant breeding via markerassisted selection (Collard and Mackill, 2008; Bernardo, 2008) . More recently, GWAS, also known as linkage disequilibrium (LD) mapping, has become a common approach to study marker-trait associations in plants (Gupta et al., 2005; Zhu et al., 2008) . Although GWAS and linkage mapping are both used in marker-trait association studies, GWAS offers several advantages over linkage mapping: (i) it uses natural populations and therefore reduces the research time needed to develop a mapping population, (ii) numerous recombination events that occurred during the evolutionary history of natural populations increase the mapping resolution, and (iii) greater allele numbers (Yu and Buckler, 2006; Zhu et al., 2008) . Genome-wide association study has been successfully used in wheat germplasm to discover genomic loci associated with disease resistance (Sapkota, 2015; Aoun et al., 2016; Gyawali et al., 2018; Yao et al., 2019) , insect resistance (Joukhadar et al., 2013; Bassi et al., 2019) , yield (Edae et al., 2014; Sukumaran et al., 2015; Li et al., 2019) , and quality (Reif et al., 2011; Zhai et al., 2018; Chen et al., 2019) .
In the southeastern United States state of Georgia, LR is a major disease of wheat and an epidemic occurs to some degree in almost every cropping season. With the emergence of new P. triticina races, our current wheat cultivars are less effective in providing LR resistance; therefore, identification of new sources of resistance is needed. In this study, we evaluated a set of diverse wheat genotypes for their reaction to four P. triticina races including the most current common race in GA, MFGKG, with the hypothesis that these genotypes segregate in their reaction to P. triticina races and possess novel genomic loci for LR resistance. Therefore, the objectives of this study were to: (i) determine the level of resistance or susceptibility in a worldwide collection of wheat genotypes to multiple P. triticina races at the seedling stage; (ii) identify molecular markers associated with LR resistance that can be exploited in marker-assisted selection breeding to develop LR-resistant wheat cultivars; and (iii) compare the resistance loci detected in this study with known genes with determine their novelty.
MATERIALS AND METHODS
Plant Materials and P. triticina Races A panel of 331 worldwide diverse wheat genotypes consisting of 297 spring wheat and 34 soft red winter wheat (SRWW) accessions were used in this study to evaluate resistance to P. triticina races ( Supplemental Table S1 and Supplemental Table S2 ). Spring wheat genotypes were obtained from the USDA National Small-Grain Collection located in Aberdeen, ID. Among the 297 spring wheat genotypes, 106, 95, 55, 38, and 3 are breeding materials, registered cultivars, cultivated germplasm, landraces, and genetic stocks, respectively, originating from 72 countries representing diverse worldwide geographic regions. Additionally, a set of 34 SRWW genotypes, adapted to the southeastern region of the Unite States and collected by the University of Georgia's smallgrain breeding program were included in the study. Two SRWW cultivars, AGS 2000 and SS 520, which were reported to be resistant and susceptible to LR, respectively (Johnson et al., 2002; Sapkota et al., 2019) were included in the study as checks.
Four P. triticina races (i.e., MFGKG, MBTNB, TCRKG, and MCTNB) representing the prevalent races of P. triticina in the southeastern United States were used to screen the wheat genotypes. MFGKG (virulent on the genes Lr1, Lr3, Lr9, Lr24, Lr26, Lr11, Lr10, Lr14a, Lr18, and Lr28) is currently the predominant race of P. triticina in GA (Sapkota et al., 2019; Kolmer, 2019) . Furthermore, MBTNB (virulent on the genes Lr1, Lr3, Lr3ka, Lr11, Lr17, Lr30, LrB, and Lr14a), TCRKG (virulent on the genes Lr1, Lr2a, Lr2c, Lr3, Lr26, Lr3ka, Lr11, Lr30, Lr10, Lr14a, Lr18, and Lr28) , and MCTNB (virulent on the genes Lr1, Lr3, Lr26, Lr3ka, Lr11, Lr17, Lr30, LrB, and Lr14a) are the most prevalent races of P. triticina in the southeastern United States (Kolmer and Hughes, 2016; Kolmer, 2019) .
Evaluation for Reaction to P. triticina Races Phenotyping of wheat materials for reaction to P. triticina races was conducted at the seedling stage under greenhouse and growth chamber conditions at the Griffin Campus of University of Georgia, Griffin, GA. Plant preparation, inoculum collection and preparation, inoculation, and disease scoring were done as described in Sapkota et al. (2019) with minor modifications. Briefly, three seeds per entry were each planted in a single conetainer (Stuewe and Sons Inc., Tangent, OR) filled with Sungro professional growing mix soil (Sun Gro Horticulture Distribution Inc., Anderson, SC). Approximately 2 g of Osmocote Bloom 12-7-18 fertilizer (Everris NA Inc., Dublin, OH) was placed in each cone-tainer after planting and the cone-tainers were kept on a greenhouse bench at 20 to 25°C and a 14-hr photoperiod. Resistant (AGS 2000) and susceptible checks (SS 520) were planted in each rack. Three cones (replicates) were planted for each genotype per experiment and the experiment was repeated. The plant materials were arranged in a randomized complete block design in all racks.
Inoculation of the plant materials was done ~10 d after planting when secondary leaves were fully emerged. The inoculum was prepared by mixing freshly collected urediniospores into 100 mL of sterile water with ~20 mL of Tween 20 (Agdia Inc., Elkhart, IN). The number of urediniospores in the inoculum was counted by a Hemocytometer (Olympus Optical Co. Ltd., Nagano, Japan) and a final concentration of 10 5 spores mL -1 was used for inoculation. The inoculum was sprayed onto the foliage until runoff and plants were then carefully moved to a dark chamber with high humidity. After 16 to 18 hr, plants were transferred to a growth chamber maintained at 18:20°C (night/day) with a 15-hr of photoperiod.
The reaction of the plants to LR [i.e., infection types (IT)] was scored 10 to 12 d after inoculation on a scale from 0 to 4 (McIntosh et al., 1995) where 0 = no visible uredia (immune), ; = hypersensitive fleck (very resistant), 1 = small uredia with necrosis (resistant), 2 = small-to medium-sized uredia (resistant to moderately resistant), 3 = medium-sized uredia with or without chlorosis (moderately resistant or moderately susceptible), and 4 = large sized uredia without chlorosis (susceptible reaction). The phenotypic data collected on the 0 to 4 scale were further transformed because they contained non-numeric IT values such as ";" and did not incorporate multiple IT scores developed within a single plant. Therefore, the IT scores from 0 to 4 were converted into a linearized scale (LS) from 0 to 9 as described by Zhang et al. (2014) . Wheat genotypes with a LS of 0 to 6 and 7 to 9 were considered as resistant and susceptible, respectively (Kertho et al., 2015) .
Statistical Analysis of the Phenotypic Data
Statistical Analysis System software version 9.4 (SAS Institute Inc. 2017) was used for statistical analysis of the phenotypic data. The Shapiro-Wilk test was conducted (PROC UNIVARIATE) to determine if the phenotypic data for each P. triticina race were normally distributed. Furthermore, depending on the result from the normality test, Levene's or Bartlett's test (Snedecor and Cochran, 1989; Levene, 1960) was performed to check the homogeneity of data among the experiments. If the data were homogenous, the overall mean was used for the GWAS analysis. Broad-sense heritability was calculated by dividing genotypic variance by the combined sum of genotypic, block, and error variance. Pearson's correlations in the phenotypic data of each P. triticina races were calculated via the PROC CORR procedure in SAS.
Marker-Trait Association Analysis
In total, 297 of the 331 wheat genotypes used in this study had marker data available and these were included in the GWAS analysis (GWAS panel). The GWAS panel was genotyped with the 9K-SNP array by the USDA Triticeae Coordinated Agriculture Project; the genotypic data are publicly available on the Triticeae Toolbox website (triticeaetoolbox.org, accessed 3 Oct. 2019). Singlenucleotide polymorphism (SNP) markers with a minor allele frequency of <0.05 and >10% missing data were removed from the analysis to avoid false marker-trait associations. A total of 5025 SNP markers were used in marker-trait association analysis. Distance-based clustering and the model-based quantitative assessment of the subpopulation membership of the genotypes were performed using JMP Genomics version 9.0 and STRUC-TURE version 2.3.4 (Pritchard et al., 2000) . The population structure (Q matrix) and the familial relatedness within the GWAS panel were estimated through principal component analysis (PCA) and the identity-by-state matrix, respectively. Linkage disequilibrium between SNP markers was calculated as the squared correlation coefficient (R 2 ) by JMP Genomics version 9.0 software and comparisons eere made between marker pairs within the same chromosome. Genome-wide LD decay was estimated by plotting R 2 against the corresponding pairwise genetic distance (cM) (Wang et al., 2014) . A smoothing spline fit with l = 1000,000 was applied to LD decay.
Genome-wide association studies to identify genomic regions significantly associated with LR resistance were conducted using TASSEL version 5.0 (Bradbury et al., 2007) . Six different models (Naïve, PCA, population structure, identity-by-state, PCA + identity-by-state, and population structure + identity-by-state) were tested in TASSEL and the mean-squared deviation value was calculated for each model (Tamang et al., 2015; Mamidi et al., 2011) . A mixed-linear models, which accounts for both population structure and relatedness, was selected on the basis of the lowest mean-squared deviation value. Manhattan plots were generated for each P. triticina race by plotting the -log 10 (p-value) on the y-axis and the chromosome name and position on the x-axis. The p-value of the markers was further adjusted by calculating the false positive discovery rate (Benjamin and Yekutieli, 2001 ) and a marker-trait association with a false positive discovery rate of ≤0.1 was considered significant.
Quantitative Trait Locus Alignment and Comparison with Previously Mapped Lr Genes
To determine the relationship of QTL detected in our study with previously mapped Lr genes or QTL, we compared the position of the most significant markers representative of each QTL to previously mapped QTL or genes on wheat consensus maps (Wang et al., 2014; Maccaferri et al., 2015) . The graphical presentation of the genetic map was generated via MapChart (Voorrips, 2002) . Furthermore, the physical positions of the representative markers were obtained from the International Wheat Genome Sequencing Consortium Reference Sequence version 1.0 and used in the comparison (https://www.wheatgenome.org/News/Latest-news/ RefSeq-v1.0-URGI, accessed 3 Oct. 2019).
Identification of the Lr47 and LrA2K Genes via Diagnostic Markers
Since QTL were detected in the vicinity of known Lr genes (Lr47 and LrA2k), molecular marker analysis was performed with diagnostic markers to determine their relationship. Twenty-eight wehat genotypes that were highly resistant to P. triticina races MFGKG and MCTNB were selected from the GWAS panel to test for the presence or absence of Lr47 and LrA2K genes. A specific marker for Triticum speltoides (Tausch) Asch. & Graebn. developed for Lr47 was used to identify Lr47 (Helguera et al., 2000) . Similarly, a simple sequence repeat marker linked to LrA2K, Xwmc770, was selected to genotype the highly resistant wheat genotypes (Sapkota et al., 2019) . The cultivars CItr 17884 (pedigree: CI 15092/T. speltoides// Fletcher/3/5*Centurk) and AGS 2000 (pedigree: PIO2555/ PF84301//Florida302), carrying the Lr47 and LrA2K genes, respectively, were used as positive controls. The genomic DNA from wheat lines was extracted via a modified cetyl trimethylammonium bromide method (Saghai-Maroof et al., 1984) and diluted to 50 ng mL -1 to be used in a polymerase chain reaction. The polymerase chain reaction was performed as described in Hao et al. (2008) and Helguera et al. (2000) and the amplified products were separated in 1.5% agarose gel stained with ethidium bromide.
RESULTS

Variation in Seedling Infection Types
Wheat genotypes showed a wide range of reactions to all four P. triticina races tested in this study. The LR disease scores ranged from immune reactions (IT = 0, LS = 0) to highly susceptible reactions (IT = 4, LS = 9) to all four P. triticina races (Table 1 ). The mean disease score of wheat genotypes were 7.7, 7.6, 7.9, and 8.0 to P. triticina races MFGKG, MBTNB, MCTNB, and TCRKG, respectively ( Table 1 ). The majority of the evaluated wheat genotypes were susceptible to the P. triticina races and 30 (9.1%), 47 (14.2%), 30 (9.1%), and 33 (10.0%) wheat genotypes were resistant to MFGKG, MBTNB, TCRKG, and MCTNB, respectively ( Fig. 1 ). Of these, only 22 genotypes (6.6%) were resistant to all four P. triticina races ( Table 2) . As expected, AGS 2000 (resistant check) and SS 520 (susceptible check) exhibited resistant and susceptible reactions to all four P. triticina races, respectively (Fig. 1) .
The Shapiro-Wilk test for normality showed that the phenotypic data of all four P. triticina races deviated significantly from a normal distribution (Table 1) . Therefore, Levene's test was performed to test for the homogeneity within experiments. The Levene's test results indicated that the phenotypic variance of data within experiments was homogenous (P = 0.20-0.97) for all four P. triticina races (Table 1) . Therefore, the overall mean value was calculated for each wheat genotype and used in the GWAS analysis. The broad-sense heritability of the LR infection types ranged from 0.93 to 0.97 to four P. triticina races, indicating that most of the phenotypic variation was explained by the genotypes (Table 1) . Furthermore, Pearson's r among all P. triticina races was highly significant (p < 0.0001) and the value of r ranged from 0.62 to 0.83 (Table 3) .
Marker Distribution, Population Structure, and LD Of the 5025 SNP markers used in the GWAS analysis, 2154 (42.9%), 2038 (40.5%), and 559 (11.1%) markers were distributed in the A, B, and D genomes, respectively; the chromosomal location of 274 (5.5%) markers was unknown. The ward clustering and cryptic relatedness analyses in the GWAS panel revealed the presence of two major clusters (Group 1 and Group 2). Group 2 was further subdivided into three subgroups (Groups 2A, 2B, and 2C) with weak membership coefficients ( Fig. 2A,B ). STRUCTURE analysis also suggested two to four hypothetical subpopulations, which correlates with the grouping based on the cluster and cryptic relatedness analyses (Fig. 2C ). This structure was further supported by PCA (Fig. 3) . The first 4 and 10 principal components 8.0 0.0 9.0 2.2 p < 0.0001 P = 0.97 0.97 † A total of 331 wheat genotypes were evaluated for their reaction to four P. triticina races and the infection types were recorded 10 to 12 d after inoculation on a 0 to 4 scale. The 0 to 4 scale was converted to a linearized scale from 0 to 9, which was used in the analysis. ‡ The Shapiro-Wilk test was performed to determine if the phenotypic data were normal or not. p < 0.05 indicates a non-normal distribution. § Levene's test was performed to determine if the data were homogenous among the experiments or not. P > 0.05 indicate equal variance. ¶ H 2 , broad-sense heritability; SD, standard deviation. explained 18.4 and 28.7% of the genotypic variation, respectively. The first four principal components clustered the GWAS panel into four groups (Fig. 3) . Most of the wheat genotypes were clustered in Subgroup 2B (106 genotypes) originating from South America (50 genotypes), Africa (17 genotypes), Asia (17 genotypes), Europe 1.0 † The wheat genotypes in bold were also reported to be resistant when tested with a mixture of 10 P. triticina races by Turner et al. (2017) . ‡ The information about the pedigree, origin, and growing habit of spring (S) and soft red winter wheat (SRWW) genotypes was obtained from the US National Plant Germplasm System website (https:// npgsweb.ars-grin.gov/gringlobal/search.aspx, accessed 4 Oct. 2019) and the University of Georgia's small-grains breeding program, respectively. N/A indicates that the information is not available. § Improvement status of the wheat genotypes. ¶ The wheat genotypes were evaluated for their reaction to four P. triticina races (as explained in the Materials and Methods section) and the infection types (ITs) were recorded 10 to 12 d after inoculation on a scale from 0 to 4. The 0 to 4 IT scale was further converted into a 0 to 9 linearized scale (LS) to include non-numeric IT values in the analysis. Genotypes with average LS scores of 0 to 6 and 7 to 9 were considered as resistant and susceptible, respectively.
(11 genotypes), and North America (11 genotypes). Group 1 contained the smallest number of genotypes originating from Asia (33 genotypes), Africa (eight genotypes), Europe (four genotypes), and North and South America (one genotype in each). Similarly, Subgroups 2A and 2C contained 58 and 86 genotypes, respectively, originating from Europe, Africa, North and South America, and Asia. This indicates that the clustering of wheat genotypes in the GWAS panel was not related strongly to the origin of the genotypes. Therefore, other factors, such as the improvement status of the genotypes ranging from advanced released cultivars to landraces, might have contributed to this clustering. Similarly, the "spring wheat" growth habit may include different types such as "facultative", which may have played a role in the cluttering as well. Based on the fitted model, LD dropped at 3 cM genetic distance, on average, which corresponds to an R 2 value of 0.2 (Fig. 4) . Therefore, ±3 cM was used to establish confidence intervals for QTL regions. Furthermore, SNP markers with a pairwise LD (r 2 ) of ≥0.7 were considered as a single locus.
Detection of QTL for LR Resistance
Genome-wide association study detected 32 significant SNP markers for resistance to four P. triticina races ( Supplemental Table S3 ). On the basis of their position on chromosomes and their LD value, 32 significant SNPs were assigned to 11 loci or QTL regions on chromosomes 1A, 1B, 2B, 4A, 4B, 5A, 6A, 7A, and 7B (Fig. 5 , Table 4 ). Two QTL, QLr.uga-6AL1 and QLr.uga-6AL2, were detected on the long arm of chromosome 6A for resistance to P. triticina races MFGKG, MCTNB, and TCRKG; however, they are 15.6 cM and 22.9 Mb apart from each other according to genetic and physical maps, respectively (Table  4 ). Furthermore, we calculated the LD between highly significant SNP markers underlying these two loci, IWA1497 and IWA8431, and found that the LD was 0.17, suggesting that these two loci are distinct QTL.
Five, three, six, and five significant QTL were detected for resistance to MFGKG, MBTNB, MCTNB, and TCRKG, respectively (Table 4 ). Among the 11 QTL detected, QLr.uga-2BS was significant for resistance to all four P. triticina races and explained up to 19.4% of the phenotypic variation for P. triticina race MCTNB. QLr.uga-6AL1 was significant for resistance to three P. triticina races (MFGKG, MCTNB, and TCRKG) and explained 4.5 to 9.5% of the phenotypic variation. Three QTL (QLr.uga-5AS, QLr.uga-7AS, and QLr.uga-7BL), located on chromosomes 5AS, 7AS, and 7BL, were significant for resistance to two of the four P. triticina races and explained a total of 14.0, 10.2, and 12.6% of the phenotypic variation, respectively (Table 4) .
Six QTL were significant for resistance to one of the four P. triticina races tested (Table 4 ). Two QTL, QLr.uga.1AL and QLr.uga.6AL2, were significant for resistance to P. triticina race TCRKG and collectively explained 11.7% of the phenotypic variation. QLr.uga-1BL and QLr.uga-4BL were found to be significant for resistance to P. triticina race MCTNB and collectively explained 12.7% of the phenotypic variation. QLr.uga-4AS and QLr.uga-5AL were found to be significant for resistance to P. triticina race MBTNB and collectively explained 11.2% of the phenotypic variation (Table 4 ).
DISCUSSION
The discovery of novel sources of resistance with novel genes or QTL is a constant challenge and is critical in plant breeding to combat threats to crop production caused by pests. In wheat, gene pyramiding to develop durable LR resistant cultivars is of paramount importance. Genome-wide association studies are a powerful approach in plants to detect QTL associated with complex traits (Zhu et al., 2008; Hall et al., 2010) . Genomewide association studies have been successfully used in wheat germplasm to detect several genomic loci or regions conferring resistance to LR at seedling and adult plant growth stages (Kertho et al., 2015; Aoun et al., 2016; Turner et al., 2017; Riaz et al., 2018) . In this study, we identified 17 spring and 5 SRWW lines carrying race-specific resistance to four P. triticina races that are prevalent in the southeastern region of the United States. The study also detected 11 QTL that were significant for resistance to LR; five of them were uncharacterized previously in T. aestivum and therefore, these loci are likely to represent novel QTL for LR resistance (Table 4) . Among the 2192 spring wheat genotypes collected globally and deposited in the USDA Triticeae Coordinated Agriculture Project database, Turner et al. (2017) selected 1032 genotypes and conducted GWAS for resistance to LR at the seedling and adult plant stages. Of these, a subset containing 113 genotypes was evaluated at the seedling stage (the seedling resistance panel) with a mixture of 10 P. triticina races. Of the 297 wheat genotypes used in our study, 27 genotypes overlapped with seedling resistance panel (Turner et al., 2017) ; however, different P. triticina races were used in these two studies. Eight of 17 spring wheat genotypes found to be resistant to all four P. triticina races in this study were also reported to be resistant by Turner et al. (2017) ( Table 2) . Interestingly, a marker on chromosome 2BS, IWA8221, was found to be significant for resistance to LR in both studies. The resistant genotypes and the significant marker reported from both studies could be used in a wheat breeding program as resistance sources to a wider range of P. triticina races.
Correlation analysis revealed the presence of significant correlations between the LR infection types of four P. triticina races used in this study (Table 3) . Several factors may contribute to this high correlation in the phenotypic data of the four P. triticina races. First, based on the virulence profile test conducted on 20 wheat lines carrying a single Lr gene, all four P. triticina races were virulent to Lr1, Lr3, Lr11, and Lr14a (Sapkota et al., 2019) . Therefore, correlations among the phenotypic data can be expected. Second, the GWAS panel used in this study probably had common genomic loci conferring resistance to P. triticina races and this was further confirmed by the GWAS analysis result that allowed the identification of common QTL (e.g., QLr.uga-2BS) that conferred resistance to all four P. triticina races (Table 4) . Similar results were reported earlier by Desiderio et al. (2014b) and Sapkota et al. (2019) , where high correlations were observed in the phenotypic data evaluated with multiple P. triticina races followed by the identification of common genomic loci for resistance to those races. Of the 11 QTL detected through GWAS, QLr.uga-2BS was found to be significant for resistance to all four P. triticina races (Table 4 , Fig. 6 ), thus providing a wide spectrum of resistance. Seven known Lr genes and two QTL, Lr13 (Dyck et al., 1966 ), Lr16 (McCartney et al., 2005 , Lr23 (McIntosh and Dyck, 1975) , Lr48 (Bansal et al., 2008) , Lr73 (Park et al., 2014) , LrZH22 (Wang et al., 2016) , LrA2K (Sapkota et al., 2019) , QLr.cimmyt-2BS , and QLr.hebau-2BS (Zhang et al., 2017) were also detected on chromosome 2BS in the vicinity of QLr. uga-2BS identified here ( Fig. 6 ). Of these seven known genes, Lr13 and Lr48 are APR genes reported in the wheat cultivars Frontana and CSP44, respectively (Dyck et al., 1966; Bansal et al., 2008) . Given that QLr.uga-2BS is a seedling QTL, it is unlikely to be any of these APR genes. Lr16, Lr23, Lr73, and QLr.cimmyt-2BS confer resistance at the seedling stage; however, according tothe consensus genetic map (Maccaferri et al., 2015) , they are 89.6, 47.1, 76.8, and 29.7 cM distal to QLr.uga-2BS, respectively (Fig. 6) . Two loci, QLr.hebau-2BS and LrZH22, were found to be located in the same position. According to the consensus map, these two loci were mapped 33.1 cM proximal to QLr.uga-2BS (Fig. 6 ). In our recent study (Sapkota et al., 2019) , we used a biparental mapping population consisting of 175 recombinant inbred lines and mapped a single major gene, LrA2K, on chromosome 2BS that conferred resistance to two P. triticina races (MFGKG and MBTNB). Since LrA2K and QLr.uga-2BS are very close on the 2BS map ( Fig. 6) and confer resistance to the same races, they are likely to be the same locus. Furthermore, molecular marker analysis with the diagnostic marker Xwmc770, which is closely linked to LrA2K, demonstrated that 10 of the 28 resistant wheat genotypes in the GWAS panel carry LrA2K (Supplemental Fig. S1 ). This further provides more strong evidence that LrA2K and QLr.uga-2BS represent the same locus for LR resistance.
QLr.uga-1BL was detected in the vicinity of six known Lr genes (Lr26, Lr33, Lr44, Lr46, Lr51, and LrZH84) and two QTL, QLr.pser-1BL and QLr.caas-1BL (Fig. 6) (Zhao et al., 2008; Li and Bai, 2009; Ren et al., 2012) . Of these, Lr26, Lr44, and Lr51 were derived from Secale cereale L., spelt wheat (Triticum aestivum spp. spelta L.), and Aegilops speltoides Tausch, respectively (Dyck and Sykes, 1994; Zhao et al., 2008) . Given that no S. cereale, spelt wheat, or A. speltoides accessions were included in our GWAS panel, these three genes are unlikely to be QLr.uga-1BL. Lr33 conferred seedling resistance, was derived from a common wheat, and was mapped close to the centromere region 2.6 cM away from Lr26 . Similarly, LrZH84 conferred seedling resistance, was derived from the Chinese wheat cultivar Zhao 8425B, and was mostly effective against Chinese P. triticina races (Zhao et al., 2008) . According to the consensus genetic map (Maccaferri et al., 2015) , LrZH84 was mapped 57.6 cM distal to QLr.uga-1BL (Fig. 6) . Lr46 is an APR gene that conferred slow rusting resistance and was originally derived from the CIMMYT spring wheat cultivar Pavon 76 (Singh et al., 1998) . Both QTL detected on chromosome 1BL, QLr.pser-1BL and QLr.caas-1BL, confer APR and were derived from the Chinese wheat cultivars Ning7840 and Bainong 64, respectively (Li and Bai, 2009; Ren et al., 2012) . According to the consensus genetic map, QLr.pser-1BL was mapped 80.3 cM distal to QLr.uga-1BL, indicating that they may represent two separate loci for LR resistance. However, QLr.caas-1BL and QLr.uga-1BL were mapped very close (<1cM) on the 1BL map (Fig. 6) ; therefore, further studies are warranted to determine their relationship. Fig. 6 . Chromosomal locations of quantitative trait loci (QTL) found to be significant for resistance to leaf rust (LR) in this study relative to known LR resistance (Lr) genes or QTL on these chromosomes. Markers found to be significant for LR resistance in this study are all in red font. Marker order and location (left side of the chromosome bars) are as reported by Maccaferri et al. (2015) . For better readability, not all markers are presented in this figure.
One known gene, Lr49, and two QTL, QLr.pbi-4BL and QLr.cimmyt-4BL, were previously mapped on chromosome 4BL, which harbors QLr.uga-4BL (William et al., 2006; Bansal et al., 2008; Singh et al., 2009 ). All of these previously reported genes and QTL (Lr49, confer APR and were reported from wheat cultivars VL404, Beaver, and Avocet S, respectively. The markers Xbarc163 and Xwmc349, which flanked Lr49, were mapped 14.2 and 16.7 cM away from QLr.uga-4BL, respectively, according to the consensus genetic map developed by Maccaferri et al. (2015) . Similarly, the markers wPt-1708 and gwm495, linked to QLr.pbi-4BL and QLr.cimmyt-4BL, respectively, were mapped 20.4 and 2.5 cM away from QLr.uga-4BL (Fig.  6) . Given that all three genomic loci previously mapped on 4BL confer APR, they are unlikely to be QLr.uga-4BL. However, since QLr.uga-4BL was located close to QLr. cimmyt-4BL (2.5 cM), it is hard to tell if they are the same or different QTL and therefore further studies are warranted to determine the relationship between these QTL.
Two QTL, QLr.uga-6AL1 and QLr.uga-6AL2, were found to be significant for resistance to LR on chromosome 6AL (Fig. 5, Fig. 6 ; Table 4 ). Two named Lr genes (Lr56 and Lr64) and two QTL, QLr.hbau-6AL and QLr. cimmyt-6AL, were previously reported on chromosome 6AL for LR resistance (Bansal et al., 2013; Aoun et al., 2016) . Lr56 is a seedling resistance gene derived from Aegilops sharonensis Eig (Marais et al., 2006) . Since genetic materials carrying Lr56 were not included in our GWAS panel, it is unlikely that QLr.uga-6AL1 and QLr. uga-6AL2 are Lr56. Similarly, Lr64 is also a seedling resistance gene detected in Triticum dicoccoides (Körn. ex Asch. & Graebn.) Schweinf. (Desiderio et al., 2014a) . According to the consensus genetic map (Maccaferri et al., 2015), QLr.uga-6AL1 and QLr.uga-6AL2 were mapped 26.7 and 57.4 cM distal to Lr64, respectively (Fig. 6) . Both QTL previously reported on chromosome 6AL, QLr. hbau-6AL and QLr.cimmyt-6AL, confer APR and were reported in the wheat line Avocet (William et al., 2006; Zhang et al., 2009) . Based on the position of the genes and QTL on the consensus genetic map and their source, it is likely that the two QTL detected in this study represent distinct loci for LR resistance; however, further studies are required to elucidate their relationship.
Four known Lr genes (Lr14a, Lr14b, Lr68, and LrBi16) and five were previously mapped on chromosome 7BL in the vicinity of where QLr.uga-7BL was detected ( Fig. 6) (McIntosh et al., 1995; Xu et al., 2005a Xu et al., , 2005b Maccaferri et al., 2008; Rosewarne et al., 2008 Rosewarne et al., , 2012 Herrera-Foessel et al., 2008 Zhang et al., 2011; Li et al., 2014) . Interestingly, all previously mapped genes or QTL were detected proximal to QLr.uga-7BL, according to the consensus genetic map ( Fig. 6 ; Maccaferri et al., 2015) . Of the four Lr genes previously mapped on 7BL, Lr14a was derived from durum wheat (Triticum turgidum L.) and three genes (Lr68, Lr14b, and LrBi16) were derived from common wheat (McIntosh et al., 1995; Herrera-Foessel et al., 2008 Zhang et al., 2011) . Since Lr68 is an APR gene and confers a high level of slow rusting resistance (Herrera-Foessel et al., 2012), it is unlikely that QLr.uga-7BL is Lr68. All four P. triticina races used in this study are virulent to Lr14a (Sapkota et al., 2019) , indicating that QLr.uga-7BL is unlikely to be Lr14a. Lr14b and LrBi16 both confers race-specific resistance and were mapped >100 cM away from QLr.uga-7BL, according to the consensus genetic map. All five previously reported QTL on chromosome 7BL (QLr.cimmyt-7BL, QLr.csiro-7BL.2, QLr.osu-7BL, QLrlp.osu-7BL, and QLr.ubo-7B.2) confer APR to LR (Li et al., 2014) and were mapped 48.8 to 101.9 cM proximal to QLr.uga-7BL (Fig. 6) . Further studies, such as allelism tests or diagnostic marker analysis, may help determine the relationship between QLr.uga-7BL and previously reported genes or QTL on chromosome 7BL. Among the 11 QTL detected, five QTL were detected on genomic regions where no cataloged Lr genes have been reported in T. aestivum. Only one Lr gene, Lr59, has been cataloged and designated on chromosome 1AL, which was transferred from Aegilops peregrina (Hack.) Maire & Weiller (Marais et al., 2008) . Given that no genetic material carrying A. peregrina was included in our GWAS panel, QLr.uga-1AL probably represents a novel locus for LR resistance. Likewise, only one known Lr gene, Lr47, was reported on chromosome 7AS close to QLr.uga-7AS (Fig. 6 ). Lr47 was originally derived from A. speltoides and transferred to chromosome 7AS of common wheat (Dubcovsky et al., 1998) . To facilitate marker-assisted selection and introgress Lr47 into commercial wheat cultivars, the Lr47-linked restriction fragment length polymorphism marker, Xabc465, was converted to polymerase chain reaction-based diagnostic marker (Helguera et al., 2000) . To determine the relationship between Lr47 and QLr.uga-7AS, we used a diagnostic marker developed for Lr47 and tested on 28 resistant wheat genotypes to determine if they were positive for the Lr47 allele. The result demonstrated that none of the resistant genotypes in our GWAS panel carried the Lr47 gene (Supplemental Fig. S1 ). Therefore, QLr.uga-7AS is likely to be a novel locus for LR resistance.
Chromosome 5A has not been previously reported to carry Lr genes (McIntosh et al., 1995; Aoun et al., 2016) . The two QTL detected on chromosome 5A in this study, QLr.uga-5AS and QLr.uga-5AL, are certainly novel genomic regions for LR resistance (Table 4 ; Fig. 6 ). Similarly, QLr.uga-4AS has been mapped on chromosome 4AS where no other named Lr gene has been detected, according to the LR gene catalog (McIntosh et al., 1995; . Therefore, QLr.uga-4AS represents a novel locus associated with MBTNB resistance.
CONCLUSIONS
In this study, we evaluated a diverse set of wheat germplasm for their reaction to four P. triticina races, MFGKG, MBTNB, MCTNB, and TCRKG, and identified 22 wheat genotypes that were highly resistant to all four P. triticina races ( Table 2 ). The P. triticina races used in this study are the prevalent races in the southern region of the United States, including MFGKG, which is the current common race in Georgia. A GWAS detected 11 QTL (32 SNP markers) that were significant for resistance to LR on chromosomes 1A, 1B, 2B, 4A, 4B, 5A, 6A, 7A, and 7B (Fig.  5 , Table 4 ). Among these, five were detected on genomic regions where no previously cataloged Lr genes had been reported in T. aestivum, representing potential novel loci for LR resistance. Six other QTL were detected in the vicinity of known Lr genes or QTL and therefore, further studies such as allelism tests are warranted to determine their relationship. QLr.uga-2BS was found to be significant for resistance to all four P. triticina races with a major effect and explained up to 19.4% of the phenotypic variation. On the basis of molecular marker analysis, we found that QLr.uga-2BS and LrA2K may represent same loci for LR resistance. By using the highly resistant wheat genotypes discovered in this study, we have developed biparental mapping populations to validate the genomic loci found to be significant for LR resistance and developed tightly linked molecular markers to be used in wheat breeding program. Supplemental Table S1 . List of 297 spring wheat genotypes and their phenotypic data. Supplemental Table S2 . List of 34 soft red winter wheat genotypes and their phenotypic data. Supplemental Table S3 . Summary of SNP markers associated with resistance to four P. triticina races.
Supplemental Information
Supplemental Fig. S1 . Amplification of diagnostic markers linked to the Lr47 and LrA2K genes on 28 wheat genotypes.
